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Charge transfer between metal nanoparticles and the supported TiCh surface is primarily impor- 
tant for catalytic applications as it greatly affects the catalytic activity and the thermal stability of 
the deposited nanoparticles on the surface. Herein, a systematic spin-polarized density functional 
calculation is performed to evaluate the adsorption, diffusion, and charge state of several transi- 
tion metal monomers on both stoichiometric and reduced rutile TiC>2 (110) surface. The role of 
oxygen vacancy (O v ) with its accompanying excess electrons in influencing the activation of the 
monomers is examined. For pristine reduced surface, our hybrid functional calculation shows that 
only a small portion (around 5%) of the excess electrons occupy the topmost surface, which are 
mainly delocalized at the second nearest and third nearest fivefold coordinated Ti (Ti5 C ) atoms. 
The small amounts of excess electrons populating at the Tis c atoms can be transferred to strongly 
electronegative adsorbates like Au and Pt thus enabling a moderate adsorption, whereas no stable 
adsorption at the Tis c site is found for other less electronegative TM adatoms(Ag, Cu, Fe, Co, Ni 
and Pd) on the reduced surface and for all the adatoms on stoichiometric surface. This finding 
clarify the origin of the experimental observation of the adsorption of O2 and CO molecules at Tis c 
sites in connection with charge transfer. In addition, the spatial redistribution of the excess electrons 
at Tisc sites around the O v upon the adsorption of the monomers is thoroughly examined. Our 
finding of an accumulation of excess electrons at the Ti5 C sites around the monomers explains the 
critical role of the perimeter interface of the deposited nanoparticles in promoting the adsorption 
and activation of reactants observed in experiments. 



I. INTRODUCTION 



Transition metal (TM) nanoparticles dispersed on ox- 
ide substrates exhibit extraordinary high catalytic ac- 
tivity for various low-temperature oxidation processes^* 2 - 
which has inspired extensive studies on the synthesis of 
these hybrid materials with controlled structures and the 
mechanisms of the promoted catalytic activity. Among 
several oxide substrates studied, TM clusters supported 
on Ti02 surfacoM attract enhanced attention due to 
their strong oxidizing power and nontoxicity, and appli- 
cations in heterogeneous catalysis, photocatalysis, solar 
cells, and gas sensors The adsorbed TM clusters pro- 
vide versatile functionalities such as activating the ad- 
sorbed species, generating peripheral interface as active 
sites for CO and NO oxidation^ and enhancing the ki- 
netics of charge transfer and suppressing electron/hole 
recombination for photocatalysis applications . 10 ' 11 

Catalytic performance of supported TM particles is 
found to be remarkably sensitive to their sizesi 12 ' 13 
Haruta found a strong catalytic activity of Au nano- 
clusters dispersed on the rutile Ti02 particles only ap- 
pears for Au clusters with the size below 5 nm^ For 
Pd deposited titania surface, the changes in electronic 
structures give rise to strong size variations in CO oxida- 
tion activity^ Unfortunately, the deposited TM clusters 
usually tend to rearrange themselves and grow even at 
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moderate temperature for several TM clusters such as 
Ag^ Cufil Au,±&±2 Pd^ and Pt^i and thus reducing 
their activity and reusability under ambient condition. 
Hence, a detailed understanding of the factors influenc- 
ing the thermally-driven coarsening of deposited clusters 
and diffusion kinetics of TM monomers is vital to the 
control of the size of clusters during growth,— ~— pro- 
hibiting cluster coarsening and finding effective ways of 
redispersion^ST— of the TM particles for real applica- 
tions. 

Another central issue of concern in engineering 
metal/oxide interfaces is to understand and control the 
interfacial interaction between the oxide and deposited 
particles. Upon depositing TM nanoparticles on the sur- 
face, the electronic properties of the Ti02 surface are 
altered where Schottky barrier and band bending appear 
near the interface region i 29 : 30 This significantly affects 
the trapping and subsequent transfer of photoexcited 
electrons on the Ti02 surface for photocatalysis of water- 
splitting i 10 : 31 Photoelectron measurements have revealed 
that new electronic states may be formed in the surface- 
band-gap of Ti02 which can be either characteristics of 
TM states or reduced Ti 3+ or 2+ states due to redox 
reaction at the interface between TM and Ti02 i 32 ' 33 On 
the other hand, the interfacial interaction between the 
two phases can render the deposited TM clusters nega- 
tively or positively charged j 3 -^ which is a key factor influ- 
encing the catalytic ability of the catalysis. A negatively 
charged state of Au clusters deposited on oxide F centers 
was reported to be the underlying reason for a highly cat- 
alytic ability for low temperature CO oxidation^ How- 
ever, reports of charge state of deposited TM clusters 
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are often controversial due to uncertainties related to the 
presence of defect on the surface and the size variation 
of the deposited cluster. 

Among the various surface structural defects on the 
Ti02 surface, oxygen vacancy (O v ) is the most abun- 
dant one and significantly affects the surface chemistry 
and electronic properties of the surface! 23 ' 36 The pres- 
ence of one neutral O v leaves behind two excess electrons 
which tend to transfer to the unoccupied 3d orbitals of Ti 
atoms and thus making the surface reduced and simul- 
taneously inducing Ti 3+ defective states. Although the 
energetic positions of the Ti 3+ states are unambiguously 
determined to locate in the band gap about 0.9 eV below 
the conduction band minimum according to photoelec- 
tron spectrum of the reduced TiC>2 surfaces , 23 ' 36 ' 37 the 
exact spatial location of the excess electrons associated 
with O v is still under debate.— ~— One would expect that 
these excess electrons are located at neighboring cation 
atoms near the O v , 39 ' 40 ' 42 ~ — however, recent experiments 
show that the electron is more likely to be localized pri- 
marily outside O v i 45 ' 46 ' 48 As reactants tend to be trapped 
and activated in the electron accumulated region of the 
surface, the understanding of the spatial distribution of 
the excess charge is highly import ant . 23 ' 49 ~ — Upon de- 
positing TM nanoparticles on the surface that nucleation 
preferentially appear on defect sites, charge transfer may 
occur at the interface and a great interest lies in the in- 
vestigation of the redistribution of the defective states 
which has been still unknown. 

For understanding the above issues in the TM/TiC>2 
system, density-functional-theory (DFT) calculations 
play an important role in exploring the TM inter- 
action with the surface and further the catalytic 
mechanisms . 22 ' 23 The credibility of normal DFT based 
on single-particle approximations has been extensively 
shown for obtaining binding energy and structural 
properties.— ~— However, the deficiency in the exchange- 
correlation functionals makes the calculated band gap 
severely underestimated, which does not allow a proper 
description of the energetic alignment of TM localized 
states with the TiC>2 bulk extending states.— The lack 
of self-interaction corrections even fail to reproduce elec- 
tronic features of the highly delocalized defective states 
related to the O v in Ti02^ Moreover, the different mod- 
els and methods adopted in previous studies do not allow 
a quantitative comparison of the stability and mobility of 
TM monomers on titania surface. In this study, we sys- 
tematically investigate the interaction of TM monomers 
with the TiC>2 (110) surface. The studied TM species in- 
clude 3d (Fc, Co, Ni, Cu), Ad (Pd, Ag), and 5d (Pt, Au) 
which span a broad range of atoms with different degree 
of interactions with the surface according to Diebold* 2 - 2 " 
Special attention is focused on the interfacial interaction 
and the redistribution of charges at the interface. Clearly, 
the modification of the diffusion barrier and charging 
state of TM monomer due to the presence of O v varies 
with the TM identity. We quantify the redistribution 
of excess charge around the defective center due to TM 



adsorption. 



II. COMPUTATIONAL DETAILS AND 
SURFACE MODEL 

To simulate the interaction of TM adatoms with the 
Ti02 (HO) surface, a periodic slab of three layers of O- 
Ti202-0 units (9 atomic layers) has been used. Each slab 
is separated by a vacuum of 12 A normal to the surface. 
Atoms in the two lowest atomic layers (the most far away 
from the adatom) were fixed at their bulk positions, and 
others were allowed to relax. The lattice constant of the 
Ti02 (HO) surface unit cell are c and \[2a along [001] 
and [110] directions respectively, a = 4.57 A and c = 
2.94 A being the two lattice constants of the rutile Ti02- 
A (4x2) surface supercell (four unit cells in the [001] 
direction and two in the [110] direction) was used. Thus 
one TM adatom per supercell gives 1/8 ML coverage. 

All our calculations were performed using the plane- 
wave code Vienna ab initio simulation package (VASP)^ 6 - 
within the framework of DFT in combination of both the 
generalized gradient approximation (GGA) and hybrid 
functionals. Spin-polarized calculations using the pro- 
jector augmented wave method with the Perdcw-Burke- 
Ernzerhof functional (PAW-PBE)^ 7 . were performed. A 
cutoff energy of 400 eV and T point sampling in k- 
space were adopted. Structures were relaxed until the 
Hellmann-Feynman forces become less than 0.01 eV/A. 
For examining the binding and diffusion of TM on the 
Ti02 surface, the GGA calculation was performed which 
has been extensively employed for investigating adatom 
and molecule interaction with the Ti02 surfaces. 

To calculate the full migration energy profiles of TM on 
the surface, the potential energy surface (PES) was cal- 
culated through sampling certain surface area. For the 
stoichiometric surface, a rectangular region defined by 
dimensions of c/2 along [001] direction and a/V2 along 
[110] direction, as plotted in Fig. [TJ was divided into a 
8x15 uniform grid. The TM adatom at each grid point 
was fixed in the in-plane directions and allowed to relax 
only in the direction normal to the surface. The PES 
on the whole surface was then generated through con- 
sidering the symmetry of the surface. To investigate the 
diffusion of TM monomer on a partially reduced surface 
with missing oxygen atoms, a partially reduced surface 
was created by removing every other oxygen atom in each 
row of bridging oxygen along [001] direction. The va- 
cancy concentration produced in this way is 0.5 ML which 
corresponds to a strongly reduced surface. As there are 
numerous geometrical configurations of a reduced surface 
defined by the distribution and the concentration of the 
bridging O v 's, the present reduced surface model allows 
us to take advantage of the symmetry and minimize the 
number of sampling images while ensuring a high reso- 
lution for the PES plot. A rectangular region defined 
by dimensions of c along [001] direction and along 
[110] direction was then divided into a 10x15 uniform 
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grid. 

To obtain an accurate picture of electronic interaction 
for TM's adsorbed on the TiC>2 surface and simultane- 
ously explore the effect of O v on the TMs adsorption, 
we make use of hybrid functionals (HSE06)^ in which 
part of the semilocal exchange-correlation functional is 
substituted by the Hartree-Fock exchange. Since the hy- 
brid functional approach is computationally more expen- 
sive, only the most stable binding configuration and other 
metastable structures determined from the PES obtained 
by the GGA calculation, were calculated with the hybrid 
functional approximation. In addition, to improve the 
inaccuracy in structural relaxation due to lack of elec- 
tronic self-interaction for describing systems with local- 
ized d electrons, the relaxed atomic structures by GGA 
calculation were further optimized by using a GGA + U 
approach before hybrid functional calculation. The effec- 
tive on-site Coulomb parameters (U) are U — 5.8 eV for 
Ti 3d and U = 5.0 eV for TM d electrons^ Based on the 
hybrid functional results, the electron density differences, 
A/3, were calculated via 

Ap 

— PTM/surfacc ~ (PtM^ + r surface ) (1) 

where /OTM/surface is the electron density for the TM 
adatom-surface system in its stablest configuration, 
pJfgf 11 and p f ™ T Zce are the electron densities of the TM 
adatom and the surface kept frozen in the positions of 
the adatom-surface system, respectively. The isosurface 
value of the electron density differences for all the TM 
cases is kept to be 0.03 to enable a direct comparison. 



III. RESULTS 

A. Pristine s-Ti0 2 and r-Ti0 2 (110) surface 

Before presenting the results of TM adsorption and 
diffusion on the stoichiometric (s-TiO^) and reduced (r- 
Ti02) surfaces, we first analyze the structural and elec- 
tronic properties of the pristine surfaces. The surface 
plane of the s-Ti02 (110) surface is composed of alter- 
nating atomic rows of twofold coordinated bridging 2 ~ 
(02c) and fivefold coordinated Ti 4+ (Ti 5c ) ions in the 
[001] direction (Fig.[l]). There exist two types of Ti atoms 
and two types of O atoms: fivefold coordinated Ti sites 
(Ti 5c ), sixfold coordinated Ti sites (Ti 6c ), twofold coordi- 
nated bridging O atoms (02c) and threefold coordinated 
in-plane O atoms (03 C ). Several high-symmetry sites for 
TM adsorption can be identified as follow: top of bridg- 
ing O atom, center between two 02 C atoms (B Q ), centers 
of triangles (Ti and T 2 ) formed by 02 C and 03 C , hol- 
low (H) over two Tis c atoms and two 02 C atoms at the 
basal plane. The r-Ti02 surface is created by removing 
O2C atoms which possess relatively small defect formation 
energy compared to 03 C atoms. The original Tig c atoms 
bound to the removed 02 C become fivefold coordinated, 
denoted as Tig c (d). 



The electronic density of state (DOS) for the pristine 
surface is compared with that of the rutile Ti02 bulk. As 
shown in Fig. [5J the band gap value for the bulk is cal- 
culated to be 3.0 eV which is in good agreement with ex- 
perimental results^ The valence band is predominantly 
O 2p derived and the conduction band is Ti 3d derived. 
Using nomenclature from molecular-orbital theory and 
in accordance with the literature^ the valence band can 
be further divided into "bonding" (the bottom of the va- 
lence band between -7 and -4 eV) and "nonbonding" (the 
top of the valence band between -4 and -1 eV) parts con- 
cerning the strength of hybridization of 0-2p and Ti-3d 
states. For the s-Ti02 surface, the summed local density 
of state (LDOS) of the topmost 0-Ti 2 02-0 layer is plot- 
ted in Fig. As in the bulk case, the valence band is 
mainly 0-2p derived and the conduction band is mainly 
Ti-3d derived, however, there is an increased bonding 
between the surface O and Ti atoms, as evidenced by a 
broadening "bonding" part in the LDOS, to compensate 
the decrease of coordination number in surface atoms. 

For the defective r-Ti02 surface, to minimize the O v - 
O v interaction, we take a single O v on the (4x2) surface. 
It is well known that reduction of Ti02 surface through 
creation of O v on the surface leads to formation of defec- 
tive states with Ti 3d character at about 1.0 eV below 
the bottom of the conduction band. Although these de- 
fect states in the band gap are clearly visible in spectro- 
scopics, standard GGA-DFT calculations fail to produce 
the exact energetic location of the band-gap defective 
states due to deficiencies in the functionals^ Based on 
the hybrid functional corrections, as plotted in Fig. [3Jt 
and b, our results show a spin-triplet paramagnetic state 
composed of two spin-unpaired states locating at 0.8 
and 1.4 eV below the conduction band minimum, which 
agrees fairly well with experimental observations! 22 ! 23 
Surprisingly, the calculated occupations of two states in 
the LDOS projected on the topmost layer only amount 
to 0.08 electron, which suggests that only around 5% 
of the two excess electrons locates in the topmost sur- 
face layer. Combining DFT+[7 and the Car-Parrinello 
molecular dynamics, Kowalski et ali^& have also found 
that the surface layer is only occupied by the excess elec- 
trons about 20% of time and the subsurface is populated 
about 70% of time. This strong difference in lifetime oc- 
cupying these two layers shows a strong preference for 
populating sites in the subsurface layer. A more recent 
study^i demonstrates that the spatial distribution of the 
excess electrons on the Ti02 (110) surface is independent 
of the way excess electrons are produced. 

In addition to predict the exact energetic location of 
the reduced states^ many theoretical and experimen- 
tal studies have been devoted to understanding the de- 
gree of localization and the exact spatial distribution of 
these states on the topmost surface layer which have 
been a subject of debate . 42 i 63 ~ — Some early experiments 
and theoretical calculations show that the excess elec- 
trons populate the 3d unoccupied orbitals of the Ti ions 
(Ti 6c (d)) adjacent to the O v 's^^^ However, these 
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findings are inconsistent with the observations in a STM 
study of CO adsorption showing that the next-nearest- 
neighbor Ti 5c sites (Ti 5c i(d)) of O v are the most stable 
binding sites for CO and the excess charge is localized 
primarily outside the O v 4^ Similarly, recent experiments 
showed that O2 can adsorb and dissociate at Ti5 C sites 
on reduced surfaces without direct interaction of O2 with 
V ' 46 ' 47 To clearly understand the spatial distribution of 
the band-gap states, we plot the LDOS of the three types 
of Ti 5c atoms (Ti 6c (d), Ti 5c i(d), Ti 5c2 (d) as labeled in 
Fig. Q} around the O v in Fig. Eb. Note that the LDOS 
for each type is a summation of the LDOS of symmetri- 
cally equivalent atoms around the O v - The population of 
each in-gap state is calculated by integrating the peaks. 
The result shows that there is no defective state within 
the band gap for Ti6 C (d). This indicates that the ex- 
cess charge is not localized in the nearest Tig c (d) ions 
of the O v defect, rather most (about 80%) of the ex- 
cess electron in the topmost layer is centered on Tisd (d) 
and Ti 5c2 (d) ions around the O v - Our finding is in good 
agreement with recent atomic-scale resolution occupied- 
state STM and STS measurements which show that the 
neighboring Tig c (d) ions can not hold electrons^ 8 - The 
four bright lobes around the O v site in the measurement 
indicates a distribution of electrons on the Ti sites in the 
basal plane. Based on resonant photoelectron diffraction 
measurements r 3- Kruger et al. also found that most of 
the charge is distributed on the Tis c (d) ions around the 
O v and only a small fraction is located on Ti ions directly 
underneath the O v - 

Since O v 's are ubiquitous on the oxide surface and 
greatly influence the catalysis activity or the solar ad- 
sorption efficiency of nanoparticle/Ti02 hybrid system, 
the interplay between the defects and deposited nanopar- 
ticles is critical for applications . 23 ' 55 ! 68 According to our 
above analysis, the excess electrons can not be trapped 
at the defect center or the nearest Ti atoms, and the top 
T1O2 surface trilayer attracts only about 5% of the ex- 
cess electrons from the O v - The questions naturally arise 
in nanoparticle/Ti02 systems: How does the defective 
states evolve when a TM adatom is adsorbed on the O v 
site? Does it still locate on the Tis c i(d) and Tis C 2(d) 
atoms or evolve back to the nearest Tig c (d) atom or even 
transfer to the adsorbate? It would be very interesting 
to see how the adatoms influence the distribution of the 
excess electrons around the O v . In the following sections, 
we touch upon these issues and focus on the electronic 
interaction between the TM adatoms and Ti02 surface, 
which is enabled by the advanced hybrid functional cal- 
culation. 



B. Au, Ag, and Cu adatom on s-TiC>2 and r-Ti02 
surface 

Cu: Figure HJt shows the PES for a single Cu adatom 
on the s/r-Ti0 2 (4x2) surface. The PES is plotted with 
reference to the lowest TM adsorption energy on the sur- 



face. On the stoichiometric surface, as shown in Fig. [4ji, 
the Cu energy profile varies significantly on the surface. 
The barrier to migrate along the [001] direction is 0.64 
eV, whereas the diffusion barrier along the [110] direc- 
tion is 1.45 eV. Such a strong difference in the activa- 
tion energy along the two directions suggests different 
hopping rates for Cu diffusion and a preferable forma- 
tion of Cu clusters along the [001] direction. The most 
stable adsorption site is found to be the B Q site (Ta- 
ble. H| with the adsorption energy of 2.75 eV which is 
in good agreement with previous calculated value of 2.85 
eVi£2 In the most stable configuration, the Cu adatom 
binds to two bridging 02 C atoms with Cu-02 C distance 
of 1.86 A. This value is more approximate to the Cu-0 
bond length for bulk CU2O (1.85 A) than that for bulk 
CuO (1.96 A)£2- In addition, the twofold coordinated Cu 
adatom between the two 02 C atoms is similar to the O- 
Cu-0 zigzag frameworks in bulk CU2O.— Therefore, we 
conclude that, for the initial growth of Cu on Ti02, the 
interface structure and the oxidation state (shown below) 
of Cu on Ti02 resembles the case of CU2O. Our result is 
in good agreement with previous experimental studies of 
the local structure of Cu/Ti02 interface ! 69 ' 71 " — Surface 
x-ray diffraction study shows that Cu adsorption induces 
large vertical and lateral displacements of O atoms in- 
dicating a substantial degree of Cu-0 bonding.— XAFS 
measurement shows that Cu atoms bind to two bridg- 
ing oxygen atoms with a bond length of 1.84 AZL and no 
direct Cu-Ti bonding is observed.— 

On the reduced surface, the diffusion barriers for Cu 
to move out of the O v are calculated to be 1.00 and 1.45 
eV along [001] and [110] direction, respectively. The most 
favorable site for Cu adsorption is the O v site (Table. ITT|) . 
The calculated binding energy of 1.92 eV is lower by 
around 0.8 eV compared to that of the adsorption on the 
s-Ti02 surface. Contrary to the common notion that the 
O v on the surface can anchor the adatom more strongly, 
the presence of O v defect on the Ti02 surface decreases 
the Cu/Ti02 interaction. This finding is consistent with 
the experimental observation that defects on the Ti02 
surface have negligible effect on the growth of Cu^ 7 - 

The different adsorption behavior of Cu on ,s-Ti02 
and r-Ti02 originates from a different electronic inter- 
action between Cu/Ti02 interaction for the two cases. 
Figure HJd shows the charge density difference between 
the adatom and surface. For the Cu/s-Ti02, the singly 
occupied outer 4s electron tends to transfer to the Ti02 
surface. Bader charge analysis shows that about 0.8 elec- 
tron is transferred from Cu to s-Ti02 surface making Cu 
positively charged, whereas about 0.3 electron is trans- 
ferred from the electron-rich r-Ti02 surface to the Cu 
adatom making Cu slightly negatively charged. Figure 
2h shows the LDOS of Cu and atoms on the topmost O- 
Ti202-0 layer. The interaction of Cu with the s-Ti02 
surface makes the initially singly occupied 4s state of Cu 
empty, and the hybridization with 02 C atoms makes Cu 
3d orbitals split into two peaks: one about 0.3 eV above 
the valence band maximum, and the other one ranging 
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from 1.5 to 6 cV below Fermi level (Ef) locates at the 
valence band top. This is consistent with UPS spectrum 
that records a new sharp peak at around 2.5 eV below 
Ef and a continuous suppression of the substrate emis- 
sion from the O 2p valence band from 3 to 8 eV be- 
low Eif upon deposition of Cu on TiO2(110) surfaced 
Nakajima^ also observed two peaks at about 2.8 eV and 
0.8 eV below Ef, where the former is assigned to the 
Cu oxidation state (Cu 3c? 10 ) consistent with our result, 
however, the latter is ascribed to the reduced Ti 3o! state. 
According to our calculation, we cannot observe any re- 
duced state and thus the peak at 0.8 eV should originate 
from the Cu 3d in-gap state. For Cu/r-Ti02 interaction, 
in addition to several defective in-gap states of the sur- 
face, there occurs a sharp state in the band gap from the 
Ti02 surface being resonance with Cu 4s state. Accord- 
ing to our results shown in Sect. 1, there is no excess 
charge occupying the Tig c (d) site. Upon Cu adsorption 
at the O v site, however, some excess electrons are firstly 
transferred to Tig c (d) 3d orbitals and finally form bonds 
with the 4s electron of Cu atom as shown in the charge 
transfer plot in Fig. Q}) and LDOS in Fig. 0^. The excess 
electron screens the Cu atom and weakens the interaction 
between Cu and the surface which explains the smaller 
binding energy compared to the stoichiometric surface. 

A g: Ag adatom exhibits similar adsorption and diffu- 
sion behaviors on the Ti02 surfaces with Cu. The most 
stable adsorption site on the stoichiometric surface is the 
B site with both the adsorption energy (1.72 eV) and 
the diffusion barriers (0.26 eV for [001] direction and 0.91 
eV for [110] direction, sec Fig. [5^) being much smaller 
than those of Cu. The weaker interaction is accompanied 
by a slightly smaller amount of charge transfer (0.78 e) 
from Ag 5s state to the surface (Fig. \5]p) . As in the Cu 
case, the binding energy (1.37 eV) for the r-Ti02 case 
is smaller than that on the s-Ti02 surface due to the 
excess-charge screening of the Ag atom. For s-Ti02 sur- 
face, unlike the Cu case, LDOS calculation shows that 
Ag Ad orbitals span from 1.7 to 6 eV below Ef and lo- 
cate completely within the valence band. There is no 
in-gap state as observed in the Cu/s-Ti02 system. On 
the reduced surface, the diffusion barrier of Ag is much 
higher compared with the stoichiometric surface. The 
charge transfer from the surface makes the adatom nega- 
tively charged (-0.24 e). LDOS plot shows that the Ag 5s 
state is partially populated with the excess electron and 
locates in the band gap being nearer to the conduction 
band bottom than Cu 4s state (Fig. [5^). The overlap 
of the Ag 5s state and Ti 3d defective state has been 
observed in experiment^ 

Our results are in good agreement with other 
studie s 16 ' 52 ' 75 and can reasonably explain some experi- 
mental observations for Ag nanoparticles decorated on 
Ti0 2 surfaceJ&Z 5 --. 7 ! STM images^ 5 - shows that the Ag 
monomer binds on the bridging oxygen rows twice as 
often as on the Ti rows which can be explained by the 
larger binding energy (Fig.[S^,) through bonding with 02 C 
atoms. Diffusion of Ag clusters and the effects of de- 



fects on the Ti02 surface have also been investigated* 7 - 6 . 
The experiment found that Ag atoms travel faster in the 
direction parallel to the bridging-oxygen rows, which is 
due to a much smaller diffusion barrier along the [001] 
direction according to our result (Fig. [5^i). A weak in- 
teraction was observed between Ag and O^ 6 - which is 
consistent with our result showing a smaller Ag/r-Ti02 
binding energy. More recently, the structural evolution, 
epitaxy, and sublimation temperature of silver nanoclus- 
ters on Ti02 surface have been thoroughly studied^ A 
remarkable difference in the behavior of Ag on oxidized 
and reduced surface was found. The Ag sublimation tem- 
perature in the case of Ag nanoclusters on reduced Ti02 
is smaller than oxidized Ti02 surface 7 - 7 - again supporting 
our result of a weaker interaction for Ag bound on O v 
site. 

Au: Au clusters have attracted great interest since the 
discovery of surprisingly high catalytic reactivity when 
they are highly dispersed on metal oxides (Ti02, Fe203, 
MgO, etc.)~£-~— Defects like O v on the surface play a pre- 
dominant role in charging and activating the Au clusters 
to give rise to the high catalytic ability 79 ' 80 The energy 
maps for Au diffusing on the stoichiometric and reduced 
Ti02 surface are shown in Fig. [6^. On the s-Ti02 sur- 
face, the most favorable site is the atop site of 02 C - In 
this configuration, the Au-02 C bond distance is 1.98 A 
which matches well with XANES measured Au-0 bond 
length of 1.95 The binding energy is calculated to 
be 1.02 eV, which is smaller than those of Ag and Cu on 
s-Ti02 surface. The activation energies for Au hopping 
through the two successive minimums are 0.16 eV along 
[001] direction and 0.57 eV along [110] direction, respec- 
tively, showing a preferential growth along [001] i 64 ' 82 On 
the reduced ?'-Ti02 surface, the binding energy of Au 
adsorption on the O v site increases to 2.55 eV, which 
is in contrast to Cu and Ag where adsorption on O v 
site has a smaller binding energy than on stoichiomet- 
ric surface. In addition, the energy barrier for diffusion 
increases significantly, up to 2.13 eV along [001] direction 
and 1.34 eV along [llO] direction. Our results showing a 
stronger interaction for adsorption on the r-Ti02 surface 
arc in agreement with other DFT studies^^^&^&S 7 - 
and experimental observation of Au adsorption on Ti02 
(110) surface^ 8 - In addition to the O v site, we also iden- 
tify a local minimum (Fig.Jf^i) on the Tis C 2(d) site with a 
adsorption energy of 1.28 eV, about 1.27 eV lower com- 
pared with adsorption at the O v site. The presence of 
this stable adsorption site suggests a possibility of form- 
ing a bond between Au and Tis C 2 (d) which is absence for 
the above Ag and Cu cases(Fig. 0^ and Fig. [5^,). Ac- 
cording to our above analysis, the excess electrons are 
mainly accumulated on the Tis c i(d) and Tis C 2(d) sites. 
A high electronegativity of the Au atoms (6.06 eV) allows 
a charge transfer from the Tis c sites of rt-typed defective 
r-Ti02 surface which has a smaller work function (4.4 
eV) than that of s-Ti02 surface (5.8 eV). This explains 
why no such local minimum is present on s-Ti02 sur- 
face. Similarly, as shown below, for Pt adatom with a 
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large electronegativity (6.06 eV), a stable adsorption at 
the Ti 5c2 (d) site also occurs on the r-Ti02 surface. 

Figure |6Jd shows the charge transfer between Au and 
TiC>2 surfaces. The isosurface plot for Au/s-Ti02 shows 
an apparent polarized character of the Au-C>2c bond. The 
electrons transferred from the Au singly occupied 6s state 
to the surface amounts to 0.63 e. slightly smaller than 
the values of Cu (0.80 e) and Ag (0.78 e). In contrast, 
the binding of Au on O v site leads to a reverse electron 
transfer from the surface to the Au atom with Au neg- 
atively charged (-0.51 e). On the experimental side, the 
charge transfer between Au and s-TiC>2 or r-Ti02 sur- 
face has been observed by detecting the changes of the 
work function ; 90 ! 91 XPS shift $22 surface band bending 9 ^ 
of the Au adsorbed Ti0 2 surface or monitoring the vi- 
bration frequency 9 ^ of the CO molecule adsorbed on the 
supported Au clusters. The reverse trend in the charge 
transfer for s-Ti0 2 and r-Ti02 surfaces is also reflected 
in the LDOS plots (Fig. [5b). For s-Ti0 2 surface, there 
are two peaks in the LDOS plot of Au at -2.2 eV and -3.5 
eV located within the valence band of Ti02- Our orbital 
analysis shows that the former is a Au 6s-5g? hybridized 
state which is contrast to Ag and Cu adsorbed on s-Ti02 
where no s state locates beneath the E/. For the r-Ti0 2 
surface, a significant effect is that the initially half-filled 
6s state of Au becomes almost completely filled due to 
the charge transfer from the surface. The alignment of 
Au states with the valence band of the surfaces corre- 
lates well with those recorded XPS spectra for Au/Ti02 
system^-^2 

In summary, for Ag, Cu, and Au atoms, all of them 
have a nd 10 (n + l)s 1 configuration with a half-filled 
(n + l)s state. After adsorption on the Ti02 surface, 
the singly occupied state can either be nearly empty by 
donating the single electron to the stoichiometric surface 
having a larger work function, or be nearly completely 
filled through accepting excess electron from the reduced 
surface having a smaller work function. This dynamical 
modulation of the valence states of these species gives 
rise to the drastically different adsorption and diffusion 
behaviors on s-Ti02 and r-Ti02 surfaces, and may be 
the reason of the high catalytic performance of the deco- 
rated surfaces for a wealth of reactions such as the water- 
gas shift reaction^ and CO oxidation. 51 ' 98 For adsorp- 
tion on r-Ti02 surface, the interaction between adatom 
and the surface causes a shift of orbital levels of all of 
the adatoms as compared to adsorption on s-Ti02 sur- 
face. For all the three cases, the adhesion of adatoms on 
O v site induces the electrons accumulated between the 
adatom and the two titanium atoms next to the vacancy. 
These accumulated electrons disturb the Ti-0 structure 
around the cluster that provides new adsorption site for 
molecules, and therefore the perimeter interface of the 
adatoms or clusters plays an important role in activating 
the molecules during chemical reactions. 



C. Fe, Co, and Ni adatom on s-Ti0 2 and r-Ti0 2 
surface 

In this part, we study the interaction of Fe, Co and Ni 
adatoms with the Ti0 2 (110) surface. Due to a similar 
electronic configuration, the three VHI-group elements 
have similar characteristics for adsorption and diffusion 
on the surface. Since all the three atoms have strong 
reactivity toward oxygen, they show much stronger in- 
teractions than the above IB atoms (Cu, Ag, and Au). 
Despite their important applications, theoretical calcula- 
tions on the adsorption and diffusion properties on the 
Ti02 surface have less been performed. 

Fe: On the s-Ti02 surface, the PES for Fe diffusion 
is shown in Fig. [7^, and the most stable adsorption is 
found to be the Ti site being in line with the experi- 
mental observation by Diebold et. al<22 The Fe atom is 
coordinated with 3 oxygen atoms with two types of Fe-0 
bonds (Table. IJ). The adsorption energy on this site is 
calculated to be 4.54 eV which is the largest adsorption 
energy among all the studied adatoms. For adsorption 
on r-Ti02 surface, the PES is highly corrugated and the 
energy minimum locates near the O v site. In compari- 
son with the s-Ti02 surface, the binding energy at the 
O v site is 2.57 eV, about 2 eV smaller, and the diffusion 
barriers increase along the [001] direction and decrease 
along the [110] direction. Thus the presence of O v en- 
hances the mobility of Fe diffusing across the terrace. It 
is important to note that the real diffusion barriers for Fe 
monomer hopping between successive stable sites may be 
smaller than the value shown in the PES plot as the Fe 
adatom may not directly move along the lines. Neverthe- 
less, the activation energies along the two directions are 
still meaningful to compare the mobility of Fe atoms on 
different surfaces. Our findings of a weaker interaction 
on the reduced surface can well explain some phenom- 
ena previously observed] 99 ' 100 Pan et.ali^ 9 . have observed 
that Fe films wet better on a partially reduced surface 
than on the stoichiometric surface. They ascribed this 
to a stronger bonding at the interface due to O v defect 
on the surface, however, according to our calculation, 
the Fe/r-Ti02 interface has a weaker interaction and the 
improved wetting behavior should be a kinetics effect re- 
lated to a higher Fe diffusion rate due to a lower diffusion 
barrier. The high diffusion barrier on the s-Ti02 surface 
is also supported by the experiment findings by Mostefa- 
Sba et. alJ£°- who found that for a high initial roughness 
of the substrate, a two-dimensional growth mode is ob- 
served up to three monolayers, but clusters grow on the 
Ti02 surface if the initial roughness is low. 

Figure [6)3 plots the isosurface of charge transfer be- 
tween Fe and Ti02 surfaces. Bader charge analysis shows 
a charge transfer of 1.48 electron from Fe to s-Ti02 sur- 
face. Surprisingly, for Fe adsorption on r-Ti02 surface, 
in contrast to most of the adatoms where electrons are 
transferred from ?'-Ti02 surface to adatoms, Fe still do- 
nates its electrons to the r-Ti02 surface although the 
amount of transferred charge is much smaller than at the 
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Fc/s-TiC>2 interface. The reason can be related to the 
electronegativity of Fe which is even smaller than that of 
r-Ti02 (110) surface. Our finding is in good agreement 
with experimental observations. XPS results show that 
the oxidation of Fe atoms on the partially reduced sur- 
face still occurs,— and the amount of electrons exchanged 
between titanium and iron is lower when the substrate 
oxide surface is prercduccd.- 00 

With respect to the electronic structure of Fe/TiC>2 
system, XPS studies show that there are emission peaks 
related to in-gap states which are believed to be the Ti 3+ 
reduced statesi 32 ' 74 i 99 ' 101 However, controversy still ex- 
ists regarding the origin of these states. The reduced 
state can be produced either due to charge transfer from 
Fe to substrate Ti ions as observed for alkali atoms on 
Ti02 surface, or physical removal of oxygen from the sur- 
face which occurs for strong reactive metal overlayers.— 
In order to clarify this uncertainty, we plot the LDOS of 
Fe in Fig. [7j>e. For Fe on S-TIO2 surface, we can not 
observe any in-gap states near the bottom of conduction 
band. Thus we may exclude the possibility of charge- 
transfer induced Ti 3+ reduced states and the emission 
peaks arise from the change of 02 C positions at the inter- 
face. However, considering the significant charge transfer 
from Fe to s-Ti02 surface and a strong polaronic be- 
havior of electrons on the surface, at finite temperature, 
both the above effects may coexist and contribute to the 
recorded Ti 3+ reduced states. 

Co: The ground state electronic configuration of Co 
atom is 3d 7 4s 2 . There are two types of cobalt oxide-CoO 
and Co304-with oxidation state of Co ranging form Co 2+ 
to Co 4+ . Upon adsorption of Co on the TiC>2 surface, the 
Co atom is prone to be oxidized by the oxygen atom on 
the surface and it is important to determine the oxida- 
tion state of Co and local structure at the interface. The 
adsorption and diffusion of Co on TiC>2 surface are quite 
similar to the above Fe case except a weaker interaction. 
For Co on s-Ti02 surface, as shown in Fig. UK, the diffu- 
sion barriers along [001] and [110] directions are smaller 
than those of Fe diffusing on the surface. The most stable 
adsorption site is on the Ti site. The Co atom is coordi- 
nated with two 02c atoms and one 03 C atom and the Co- 
O distances are 1.83 and 1.98 A, respectively, which are 
similar to the Co-0 bond length (1.928 A) in [Co 2+ 4 ] 
tetrahedron in C03O4. Our predicted Co-0 bond length 
is in good agreement with EXAFS measured Co-0 dis- 
tance (1.93 A)iim Similar to Fe case, when O v is present 
on the surface, the binding energy of Co adsorption on 
the r-Ti02 surface decreases, and the diffusion barrier 
increases along the [001] direction and decreases along 
the [110] direction compared to those of adsorption on 
s-Ti02 surface. Y. ShaoiS 3 - compared the stability of Co 
on fully oxidized and partially reduced Ti02 surfaces and 
found that the Co layer is less stable on the partially re- 
duced support than on fully oxidized titania which is in 
good agreement with our results. 

The isosurfacc of charge transfer is plotted in Fig. (SJd. 
In case of Co/s-Ti02 system, Bader charge analysis 



shows that about 1.37 electrons are transferred from Co 
to s-Ti02 surface. Therefore, both charge transfer anal- 
ysis and the local structure of adsorbed Co indicate that 
the oxidized Co atom is likely to be in the Co 2+ state and 
Co/s-Ti02 interface adopts a tetrahedra structure as in 
C03O4. LDOS (Fig. [5}:) projected on Co atom shows 
that the cobalt 3d states are strongly hybridized with 
the whole valence band of oxygen 2p states. There is no 
in-gap state induced by Co. For Co/r-Ti02 system, the 
net charge transfer from Co to r-Ti02 surface is negligi- 
ble and the Co atom remains nearly neutral. LDOS plot 
(Fig. U5J1 and e) shows that there are two different occu- 
pied states close to E/: one is the Ti 3d 1 state of Ti 3+ , 
the second one is related to Co. In the experiment con- 
ducted by Y. Shao? 1 ^ 3 . a new peak at about 1.45 eV below 
E f for the reduced surface was observed when compared 
to the stoichiometric surface, which however was not well 
understood. Based on our calculation, this state should 
be Co-related gap states due to spin-split of Co 3d level. 

Ni: Several studies have been dedicated to the energet- 
ics, structures, and magnetic properties of Ni clusters on 
Ti0 2 surface* 1 ^- 1 ^, It is found that Ni clusters tend to 
reside at the step edges, implying that the metal atoms 
are mobile enough on the surface to diffuse to the most 
favorable binding sites at the step edges j 1 ^ The reac- 
tivity of nickel towards Ti02 surface is still subject to 
debate. XPS study shows that only about 0.1 electron 
per Ni atom is transferred to the Ti02 surface indicating 
a weak reduction of the surface? 1 ^! However, the charge 
transfer is recently found to be highly dependent on the 
size of the Ni layer and the stoichiometry of the Ti02 
surface 

The PES for Ni diffusion on s-Ti02 and r-Ti02 surface 
is shown in Fig. |9K Compared to Fe and Co, the diffu- 
sion barriers along [001] and [110] directions are evidently 
smaller. The most stable binding site is the B Q site with 
the adsorption energy of 3.71 eV, smaller than those of Fe 
and Co. The Ni atom is twofold coordinated and bound 
with two O2C atoms with the Ni-0 distance of 1.81 A, in 
line with EXAFS measured value (1.84 A)jiA£ suggesting 
the formation of NiO at the interface. The results are 
consistent with other experimental observations i 1 1 1 1 1 12 

Our charge transfer analysis (Fig. IS)}) shows that about 
0.85 electron from Ni is donated to the s-Ti02 sur- 
face. This is supported by a reduced work function of 
the adsorbed surface detected through UPS J^ 3 - However, 
the trend of charge transfer reverses for Ni anchored at 
O v site on r-Ti02 surface, and the electron flows from 
the surface to Ni adatom making it negatively charged 
(Ni -0 - 52 ), which is contrast to the positively charged 
state for Fe and neutral state for Co at O v site. The 
LDOS for Ni/.s-Ti0 2 and Ni/r-Ti0 2 is plotted in Fig.Efc- 
e. For both cases, the result shows that there are Ni 
states in the band gap, which makes it difficult to justify 
the presence of the possible Ti 3+ in-gap reduced state 
from cxpcriment i 33 i 107 i 108 i 113 Our results clearly show 
that there is no Ti 3+ state in the band gap for Ni/s- 
Ti02 system. For Ni adsorbed on r-Ti02 system, the Ni 
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3d states are pushed away the E/ due to a filling of 4s 
state through accepting electrons from the surface. 

Comparing with the IB elements (Cu, Ag, Au), the 
three VIII B elements (Fe, Co, and Ni) possess larger 
oxygen affinity. The behavior of binding energy of Fe, 
Co, and Ni on the s-Ti02 surface follows: Fe > Co > Ni, 
whereas the trend reverses for adsorption on the reduced 
surface. In addition, the presence of O v on the surface 
also affects the diffusion barriers: comparing with s-Ti02 
surface, the diffusion barrier along [001] on r-Ti02 sur- 
face increases and the degree of increase follows the trend: 
Ni > Co > Fe, whereas the diffusion barrier along [110] 
decreases and the degree of decrease follows: Ni < Co 
< Fe. This clearly shows that O v 's have strong effect 
on changing the diffusion behavior on the surface. The 
underling mechanism is related to the difference of the 
electronegativity of the elements and will be discussed 
below. 



D. Pd and Pt adatom on s-TiC>2 and r-TiC>2 surface 

Pd: Noble metals like Pd and Pt are typical elements 
with strong metal substrate interaction (SMSI) effect 
when adsorbed on Ti02 surfacei 114 ' 115 To gain an insight 
into the mobility of Pd monomer on the Ti02 surface and 
evaluate the effect of O v defect, we calculated the PES 
for Pd diffusing on s-Ti02 and r-Ti02 surfaces as shown 
in Fig. ITUa . On the s-Ti02 surface, the most favorite 
binding site is the B Q site with the Pd-0 bonding length 
of 2.08 A and the binding energy of 1.94 eV which is 
in good agreement with the results given by Kawazoe's 
groupAi^ The barriers to migrate along the [001] and 
[110] directions are about 0.45 eV, which suggests a rela- 
tively weak interaction and a high diffusion rate at room 
tcmperature.i^-ii2 On the r-Ti02 surface, the interac- 
tion between Pd and the surface is much stronger. The 
most stable site is the O v site and the binding energy in- 
creases by 0.47 eV compared with adsorption on s-Ti02 
surface. The diffusion barriers are enhanced accordingly 
(Fig. [TOkV Our result is consistent with other theorec- 
tical finding o 68 ' 120 ' 121 and experimental reports showing 
that the O v defects hinder diffusion and slow down par- 
ticle growthi^ 2 ^ 

The Pd monomer is slightly positively charged 
(Pd°- 72+ ) when deposited on the s-Ti0 2 surface through 
donating the electron to the surface. On reduced surface, 
electrons flow in the opposite direction when the adatom 
is bound to the O v site. Since the electronic configuration 
of Pd adopts 4d 10 and the Ad orbitals are fully occupied, 
the electron transferred from the r-Ti02 surface tends to 
populate the 5s and 4p orbitals as in the Ag case, and 
the plot of isosurface of charge transfer for Pd/r-Ti02 
(shown in Fig. ITUb ) is similar to the IB atoms (Au, Cu, 
Ag) on the reduced Ti02 surface. Therefore, a similar 
electronic structure property and chemical functionality 
of Pd and IB atoms on the r-Ti02 surface is predicted. 
This explains why an equally high catalytic ability for 



CO oxidation is observed for Pd clusters as supported 
Au clusters.— 

Photoclcctron spectroscopy measurement of the ini- 
tial growth of Pd on Ti02 surface shows a shoulder in 
the valence band.— In Fig. [TOb-e. we plot the LDOS for 
deposited Pd monomer. On the s-Ti02 surface, there 
are Pd 4c? related hybridized states located at the top 
of valence band. In line with previous experimental 
studies , 2 °] 114 i 118 no reduction of the Ti +4 on the surface 
is found. On the r-Ti02 surface, due to electron trans- 
ferred from the surface, there occurs one 5s-4p hybridized 
state at -1 eV. 

Pt: Pt has a large electronegativity and is expected to 
effectively enhance the photocatalytic activity of Ti02. 
The catalytic activity of Pt cluster depends strongly on 
oxidation state of the cluster and the dimensions of the 
cluster.— A geometrical transition from a planar struc- 
ture to a three dimensional structure was observed when 
the cluster size increases to 8 Pt atoms*^ 3 - It evolves into 
SMSI state when the pre-adsorbed Ti02 oxide surface is 
rcduced i 115 ' 124 ' 125 Understandings of the adsorption site, 
diffusion kinetics, intcrfacial interaction, and O v 's effect 
are critical for controlling the cluster size and improving 
the catalytic performance.*^ 3 - 

The calculation of PES (Fig. QUi) for Pt on the Ti0 2 
surface allows us to identify all the possible energetically 
favorable binding sites j 1 ^ In contrast to other TM atoms 
which generally have only one stable binding site on the 
surface, for Pt on the s-Ti02 surface, it is clear that there 
are two stable adsorption geometries, termed as B D site 
and T2 site, respectively, which are nearly energetically 
degenerate with a similar binding energy (2.66 eV at B D 
site and 2.59 eV at displaced T2 site). At the B D site, 
Pt adatom is bonded to two bridging 02 C atoms with a 
distance of 1.93 A, whereas at T2 site Pt is bonded to one 
O2C atom (Pt-0 bond length: 2.02 A) and one Tis c atom 
(Pt-Ti bond length: 2.63 A). While the adsorption at 
T2 site was reported in previous DFT studies, the most 
energetically favorable B Q site was missing . 127 ' 128 On the 
reduced surface, the most favorable adsorption is at the 
O v site and the calculated binding energy is 4.64 eV, 
about 2 eV larger than adsorption on the s-Ti02 surface 
being consistent with other findings ! 21 ' 130 As found in 
Au case, there is also a relatively weaker adsorption at 
the Ti 5c2 (d) site due to accumulation of excess electrons 
at this site. The diffusion barrier on the reduced surface 
is nearly 3 times larger than that on the stoichiometric 
surface which suggests O v has a significant effect on the 
stability and mobility of Pt adatoms. 

The calculated adsorption configurations are in good 
agreement with the experiment conducted by Onishi's 
group to determine the Pt binding sites through detect- 
ing the perturbation of local work function due to Pt 
adatoms on the surface i 1 ^ 1 - They identified three adsorp- 
tion sites: a 4-fold hollow site, an O v site, and a bridge 
site between two 02 C atoms. According to our calcu- 
lation, the assumed 4-fold hollow site that describes Pt 
anchored between the O atom rows should be more likely 
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to be the T2 site. They also found that Pt located at O v 
are less mobile than other two cases, which is consistent 
with the significantly larger activation energy for adsorp- 
tion at O v site. However, the author claims an electron 
transfer from Pt to O v site which is inconsistent with 
our study showing that the Pt is negatively charged at 
O v site. 

For Pt on both s-Ti02 and r-Ti02 surfaces, there are 
in-gap states about 1 cV above the valence band, which 
are predominantly Pt 5d orbitals slightly hybridized with 
2p orbital of 02 C or 3d orbital of Ti 5c (d). On the s- 
Ti02 surface, about 0.64 and 0.11 electron is donated 
to the surface upon Pt adsorption at B D site and T2 
site, respectively. The different amounts of charge trans- 
fer induce a different degree of reduction of local work 
functions thus enabling the identification of the two Pt 
binding sites i 113 ' 131 On the r-Ti02 surface, the trend of 
charge transfer reverses. The intrinsic Ti 3+ states on the 
reduced surface are significantly suppressed due to sig- 
nificant charge transfer from the surface to Pt adatom 
(Fig. ITTb) ,122r22£ Bader charge analysis shows that Pt 
is negatively charged (Pt 96- ) and forms strong Pt-Ti 
bonds with a mixture of ionic and covalent characteris- 
tics. This charge transfer greatly contributes to the for- 
mation of SMSI state through the diffusion of subsurface 
cation atoms. The direction and the amount of charge 
transfer are well reflected from the observed modulation 
of work function of the surface i 113 ' 130 ' 131 Upon reduc- 
ing the Pt-decorated s-Ti02 surface through annealing 
in the vacuum, some positive shifts of work function 1 ^ 3 , 
and quenching of the Ti 3+ defective stato 1 ^ of the pre- 
rcduccd surface occur, which can be explained by our 
result of the charge transfer from Ti cations to the Pt. 
Unlike Au, the charge transfer per Pt atom seems to be 
less dependent on the size of the cluster J^ 3 - 



IV. DISCUSSION 

A. Charge State and Binding Energy of Deposited 
TM Monomer 

The charge state of TM clusters plays a key role in 
determining the catalytic ability and thermal stability 
of the clusters deposited on the surfacei 15 ' 36 It is found 
that charging of the TM clusters helps to activate the 
adsorbed molecules through populating anti-bonding or- 
bitals and decrease the reaction barrier^ The accumu- 
lated electrons on the TM clusters can facilitate the 
charge transfer to protons during water splitting Nega- 
tive (positive) charge states of TM nanoparticles promote 
the metal oxidation (encapsulation) at the interface*!^ 
However, for most of the TM clusters, their exact charge 
states whether they are negatively charged, positively 
charged or keeping metallic are under intense debate.— 
Identifying the factors influencing the oxidation state of 
the deposited nanoparticles on oxide surfaces is not only 
industrially important but also of profound fundamental 



interest. 

The direction of charge transfer can be predicted 
through comparing the electronegativity of the TM ad- 
sorbate with the work function of the surface* 1 ^ 9 . This 
suggests that the degree of charge transfer is affected by 
both the TM species and the oxidation state of the sur- 
face. Electrons tend to flow from species with smaller 
electronegativity to species with larger electronegativity. 
This is indeed observed in our calculation. The amount 
of charge transfer between the metal adatoms and the 
Ti02 surface is summarized in Fig. 112b . The alignment 
of the electronegativity of TM adatom with the work 
function of stoichiometric and reduced Ti02 surface is 
plotted in Fig. IT2"b . On the stoichiometric surface, all 
the TM monomers donate some electrons to the surface 
as most of the TM species are less electronegative than 
the surface. Fe adatom with the smallest electronegativ- 
ity shows the largest electron donation, whereas Pt and 
Au with a large electronegativity are only slightly posi- 
tively charged. For the reduced surface, the removal of 
oxygen atoms causes the electrons originally bound to the 
oxygen to delocalize on the surface, which tend to trans- 
fer to TM adsorbates. The required charge-neutrality 
condition shifts the Fermi level toward the vacuum level 
and thus a smaller work function for the reduced sur- 
face. This implies the possibility of making adsorbed 
TM species negatively charged. 

Due to the charge transfer at the TM/oxide interface, 
the chemical and electronic properties of both the sur- 
face and the deposited clusters arc changed which en- 
ables the detection of the charge state of deposited TM 
clusters Several experimental approaches have been 
proposed and applied to determine the charge state of de- 
posited TM particles. First, the electron transfer at the 
interface causes the initial state effect in XPS spectrum, 
and the shift of the TM related peaks has been widely 
used to probe the charging state of the TM clusters j 33 ' 92 
Second, in the presence of charge transfer, the work func- 
tion of the surface is modified due to the electric dipolc 
moment created at the surface^ 41 - and has been used 
to quantitatively estimate the charge transfer for Nij^Si 
Pt ; 113 ! 130 ! 131 Au^i2i nanoparticles on the surface. The 
variation of local work function on the deposited surface 
has been measured to pinpoint the exact binding sites 
of Pt adatomsji 3 ^ and the findings are consistent with 
our PES result. In addition, the charge transfer induces 
band bending on the Ti02 surface. Recording the rigid 
shifts of substrate core levels is an effective method to ob- 
tain the charge states of the clusters . 17 ' 93 Finally, detect- 
ing a softening or hardening character of the vibrational 
frequencies of the adsorbed molecules on decorated sur- 
faces can be used to deduce the charge state of the TM 
clusters i 94 ' 142 The charge state of Au atoms was deter- 
mined by measuring the CO frequency as rather different 
CO frequencies appear after adsorbing on oxidized, neu- 
tral or reduced gold particles . 12 ' 143 

Our calculated charge states of the TM monomers are 
in line with the experimental observations. Surprisingly, 
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the dramatically different charge states of TM clusters 
on stoichiometric and reduced surface can be well repro- 
duced by our calculations for TM monomers. However, it 
should be noted that, with increasing the size of the clus- 
ters, the amount of charge transfer on each atom tends 
to decrease accordingly . 17 ' 108 ' 141 This is because the en- 
ergy penalty of repulsive interaction between TM ions 
outweighs the energy decrease arising from chemical hy- 
bridizations. The lower charge state of each TM atom in 
large clusters may explain why a lower catalytic perfor- 
mance often occurs when the size of the deposited cluster 
increases. 

The binding energy for the adsorption of TM monomer 
on TiC>2 surface is closely related to the charge trans- 
fer at the interface. Contributions of interfacial interac- 
tion can be divided into two parts, a chemically covalent 
bonding part and an electrostatic interaction part, where 
the latter is directly related to the amount of charge on 
the interfacial atoms. Several studies have established 
the relationship between electronegativity of an adsor- 
bate deposited on TiC>2 surface, which closely correlates 
the charge transfer with the adsorption energy 30 ' 144 In 
Fig. Q21 we summarize the binding energy for all the TM 
monomers on both s-Ti02 and r-Ti02 surface. Com- 
bined with the plot of charge transfer in Fig. [T2a . we can 
see that a larger amount of charge on the TM atom as- 
sociated with a larger binding energy due to a stronger 
chemical reaction and electrostatic interaction. For Au, 
Ag and Cu all having a singly occupied outer s electron, 
the different ability of donating this electron to the sto- 
ichiometric surface gives rise to different binding energy. 
For Au and Pt, due to a pronounced charge transfer, the 
adsorption energy on the reduced surface is greatly en- 
hanced. For Ag, Cu and the VIIIB TM atoms (Fe, Co, 
Ni), a weaker interaction is predicted for adsorption on 
reduced surface than on stoichiometric surface. 



B. Stability and Effect of O v 

The stability of a TM adatom describing the ability 
of the adatom to displace away from the most favorable 
geometry is an important parameter for the growth and 
the thermal stability of the TM clusters. For real appli- 
cations the size of the clusters should be controlled and 
cluster sintering after deposition should be suppressed 
during real catalytic processes ! 27 ' 28 ' 49 ' 78 There are two 
main coarsening mechanisms: Ostwald ripening, in which 
TM atoms detach from smaller clusters and diffuse on the 
surface until they join larger clusters, and diffusion coa- 
lescence, where larger clusters are formed by diffusing the 
entire smaller clustersi 25 ' 146 The energy for the detach- 
ment of a single atom from the deposited clusters, the 
strength of cluster-oxide interfacial bonding, and the dif- 
fusion kinetics of involved species determine the specific 
type of the coarsening pathway for the chosen materials 
system* 1 ^ As the diffusion rate of a dimcr or a trimer is 
supposed to be very slow, diffusion of monomer on the 



Ti02 surface dominates the growth-kinetics behavior of 
TM cluster and the trend of cluster sintering and coa- 
lescence. Under the same surface model, our calculation 
shows that the activation barrier of TM monomers for 
diffusion correlates well to their binding energy: VIIIB 
TM adatoms (Fe, Co, Ni) with unfilled 3d states gener- 
ally has much larger bind energy and activation energy 
than adatoms in the IB group (Cu, Ag, and Au) and Pd 
monomer with a fully filled nd 10 configuration. 

It is expected that those factors influencing the binding 
energy should also play a role in modifying the activation 
energy for atomic diffusion. The presence of O v which 
decreases the work function and provides the excess elec- 
trons on the surface has been shown to greatly change the 
charge transfer between the adsorbates and the surface.— 
For Au and Pt adatoms with a large electronegativity, 
such a upward shift of the Fermi level causes strongly 
different charge flow compared with perfect surface and 
allows additional anchoring site at the Ti5 C sites around 
O v . The general belief is that O v serves as trapping sites 
and the diffusion of TM monomer slows down due to a 
stronger interaction and a larger barrier. While this is 
indeed the case for the noble metals like Au, Pd, and Pt, 
for VIIIB elements: Fe, Co and Ni, the interfacial inter- 
action becomes weaker at O v site and the activation en- 
ergy decreases accordingly. One possible reason for this 
weakening effect is that the excess electrons are trans- 
ferred to the anti-bonding orbitals of the interfacial TM 
atoms thus decreasing the interfacial interaction. For Ag 
and Cu adatoms deposited on the reduced surface, the 
binding energy slightly decreases whereas the diffusion 
barrier slightly increases. The underlying mechanisms 
of strengthened or weakened interaction on reduced sur- 
face compared with stoichiometric surface are related to 
a different amount of electron transfer and a variation of 
chemical bonding with TM sp-Ti 3d bonding at O v site. 

Our complete study of the diffusion barrier is useful 
for the design and synthesis of the bimetallic clusters 
which generally exhibit better catalytic activity and ther- 
mal stability 1 ^ than monophase clusters. A series of 
bimetallic clusters such as Ni-Au 1 ^, Pt-Au 147 ' 148 , Pt- 
Rhlis, Pd-Au^ Pt-CoiSi, and Co-NiiS have been syn- 
thesized on Ti02 surface. It has been pointed out that 
multicomponent clusters can only be synthesized with a 
proper deposition sequence: growing TM species with 
less mobility first and depositing TM atoms with higher 
mobility nextj 106 ' 148 Thus the knowledge of the relative 
mobility between the involved TM adatoms is important 
for the synthesis and the understanding of the sintering 
mechanism for bimetallic clusters. Most of the bimetallic 
clusters synthesized so far are taken on the stoichiomet- 
ric surface, however, to take advantage of the O v defect 
for activating the clusters, bimetallic clusters synthesized 
on reduced surface are highly desired. However, O v ef- 
fect on the TM diffusion has been less studied. Since 
the adsorption and diffusion of TM adatoms are affected 
by the content of free charge carriers (electron/hole) on 
the surface, it should be noted that the diffusion barrier 
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also changes accordingly depending on the O v content 
on the surface. Nevertheless, our study still provides a 
direct evaluation of the O v 's effect on the diffusion of the 
chosen TM species and guidelines the synthesis of multi- 
component clusters with different combination possibili- 
ties of the involved TM species. 



C. Ti 3+ States Related to TM Adsorption 

Depending on the strength of interfacial reaction, ad- 
sorption of TM clusters on the oxide surface can induce 
an oxidation of interfacial TM atoms or a reduction of 
cation ions of the support.- 1 ^ 3 - A strong interaction may 
induce the formation of Ti 3+ gap states which are over- 
lapped with the O v induced Ti 3+ states in XPS spectral 
From application side, it is very important to determine 
the oxidation state of the TM adatoms and consider the 
possibility of the reduction of the surface through de- 
tecting the in-gap Ti 3+ states. However, experimentally 
observed peaks related to the gap states can be either 
characteristics of deposited metal states^ or Ti 3+ states 
due to redox reaction between deposited TM atoms and 
oxide ionsi££ or Ti 3+ states related to the O v on the 
surface.— The assignment of the origin of the states for 
several TM overlayers is still subject to debate.—^ 3 - For 
Fe, Co and Ni adsorbed on stoichiometric surface, the in- 
gap states are widely recorded. 32 ' 74 ' 101 ' 108 Diebold found 
that the gap states due to Fe adsorption appear at ex- 
actly the same energy position as gap states induced by 
removal of surface oxygen and proposed that it arises 
from a position change of bridging oxygen atoms upon 
Fe adsorption^ Our calculation shows that, for Fe, Co 
and Ni adatom on stoichiometric surface, there is no in- 
gap states near the bottom of conduction band and thus 
excluding the possibility of Ti reduction due to charge 
transfer. However, as significant amounts of electron are 
found to be transferred from VIIIB adatoms to s-Ti02 
surface and strongly polaronic effects exist on the TiC>2 
surface, at finite temperature, the reduction of Ti ions 
may still occur due to a combined effect of the charge 
transfer and the interfacial oxygen displacement. 

In contrast to the possible introduction of Ti 3+ states 
by TM adsorption on stoichiometric surface, for TM 
clusters adsorbed on reduced surface, the defective Ti 3+ 
states can be quenched when the excess electrons dis- 
tributed on the reduced Ti site are transferred to the TM 
adsorbatcs. This phenomenon is more likely to appear for 
those TM species with large electronegativity like Pt and 
Rh. Indeed, studies have shown that the original Ti 3+ 
defective states vanish completely after evaporation of 
small amounts of Pt on the surface J£2rl2£. However, the 
effects of Pt on the variation of Ti 3+ states is more com- 
plex as experimental studies have indicated that adsorp- 
tion of Pt also decreases the formation energy of O v and 
promotes the formation of O v and Ti 3+ states on the 
surface 

The spatial localization of the Ti 3+ defective states 



has been intensively studied^ While earlier studies have 
shown that the two excess electrons are mainly local- 
ized on the adjacent Tig c (d) atoms around O v site, our 
present study shows that only about 5% of the excess 
electrons are distributed on the surface and occupy the 
Ti5ci(d) and Ti5 C 2(d) sites and no electron is found at 
the Tigc(d) site. Our result is consistent with the re- 
cent occupied-state STM and STS measurements with 
an atomic-scale resolution which find four bright lobes 
around each O v center corresponding to the distribution 
of excess electrons occupying at the Ti5 C sites4£ Low tem- 
perature STM measurement shows that these Tis c sites 
are the main adsorption sites for CO rather than the 
O v sitc4§. Moreover, the O2 molecule, as a common elec- 
tron scavenger over Ti02 that can take up electrons from 
the surface* 1 ^ has been shown to be able to adsorb and 
dissociate at the Tis c sites without a direct interaction 
with O v center, which again suggests a locally electron- 
rich environment at these Ti5 C sites4£ It is expected that 
these excess electrons at Tis c sites may transfer to some 
strongly electronegative species as O2 on the surface. In- 
deed, our calculation of the PESs for Au and Pt shows a 
local minimum at the Ti5 C site, which is absent for other 
less electronegative TM species like Ag and Cu, suggest- 
ing a moderate electron transfer and chemical interaction 
at this site. 

It is highly interesting to investigate the effect of depo- 
sition of TM species on the redistribution of these Ti 3+ 
defective states around the O v center. It is widely ac- 
cepted that the perimeter interface 4 ^— serves as an im- 
portant site for anchoring and activating the reactant 
and intermediate products during catalytic processes. A 
plausible reason is that there are some excess electrons 
accumulating at these perimeter sites and creating a lo- 
cally electron-rich environment. To confirm this hypoth- 
esis, we investigate the variation of the distribution of 
excess electrons on the Ti 5c sites upon decorating differ- 
ent TM monomers. We calculate the amounts of excess 
electrons localized at the Ti5 C i(d) and Ti5 C 2(d) sites by 
integrating the LDOS of the Ti atoms in the band-gap 
region. Fig. [TJ] shows the amounts of excess electrons 
on both sites subtracted by the corresponding values of 
pristine reduced surface. For all the cases, there is an 
increase in the amounts of excess electrons localized on 
the Ti5 C sites near the TM adsorption site. The amounts 
of excess electrons on the Ti 5c i(d) site for Au, Ag, Cu, 
and Pd cases remain nearly the same as those on pris- 
tine surface. A clear enhancement of electron accumu- 
lation is shown at the Ti5 C 2 (d) site for most of the TM 
species except Pd. Due to a small electronegativity, Fe 
monomer even donates some electrons to the reduced sur- 
face thus inducing the largest population at Tis c i(d) site. 
For Au and Pt which take up significant electrons from 
the surface due to a large electronegativity, the surpris- 
ingly enhancement of excess electrons around the Ti5 C 
site suggests that the accumulated electrons on the TM 
monomers are mainly from the excess electrons initially 
located at subsurface. The enhanced accumulation of the 
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excess electrons around the perimeter may be the under- 
lying reason for the promoted activity commonly found 
in these deposited clusters. 

V. CONCLUSIONS 

Size and thermal stability are two important indica- 
tors for most of the supported clusters for a variety of 
applications. Both of them are closely related to the 
interfacial interaction between TM species and the sup- 
port during growth and applications. In this study, we 
perform a systematic DFT study of the adsorption and 
diffusion of different TM monomers on both stoichiomet- 
ric and reduced Ti02 (110) surface. In contrast to the 
general belief that the presence of O v enhances the bind- 
ing of TM on the surface, we find that O v can weaken 
the interaction and enhance the diffusion for Fe, Co, Ni, 
Ag, and Cu adatoms. 

Our hybrid functional calculation allows an accu- 
rate description of the alignment of the orbitals of TM 
adatoms with the band gap of the surface and the de- 
gree of charge transfer between the TM adatoms and 
the surface. For the pristine reduced surface, the excess 
electrons induce Ti 3+ reduced states. Only a small por- 
tion (around 5%) of these excess electrons distribute on 
the topmost surface, and the excess electrons on the top 
layer are further found to be primarily localized on the 
Ti$ c atoms on the basal plane outside the O v ■ The small 
amounts of excess electrons populating at these Ti5 C sites 



can be transferred to strongly electronegative adsorbatcs 
like Au and Pt thus enabling a moderate adsorption as 
reflected in the metastable adsorption at Ti5 C sites in 
the PES plots, whereas similar charge transfer and sta- 
ble adsorption are absent for other less electronegative 
TM adatoms and for adsorption on stoichiometric sur- 
face. This indicates that the excess electrons should af- 
fect chemical reactivity of reduced Ti02 (110) surfaces. 
The excess electrons localized at the Ti 5c sites should at- 
tract the electron scavengers like O2 and CO, and repel 
the less electronegative H2O and NH3 molecules. Indeed, 
low temperature measurements show that the Ti5 C sites 
are the main adsorption sites for CO molecule^ and the 
accumulated excess electrons at these sites even enable a 
dissociative adsorption of O2 without a direct interaction 
with O v 4£ 

With the accompanying excess electrons, the presence 
of O v on the surface makes most of the TM monomers 
negatively charged. On the other hand, the presence of 
TM species on the O v site triggers a redistribution of 
the excess electrons on the surface. It is believed that 
the significant amount of excess electrons initially dis- 
tributed at the subsurface of the pristine surface without 
adsorbates are "pumped out" to the topmost surface af- 
ter TM adsorption and partially transferred to the TM 
adatoms. The amounts of excess electrons located on the 
Ti5 C atoms near the perimeter interface increases accord- 
ingly. This may explain the critical role of the perimeter 
interface in activating the adsorbed reactants for a vari- 
ety of reactions. 
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TABLE I: Adsorption properties of TM adatoms on stoichio- 
metric Ti02 (110) surface. binding energy; CN: coordi- 
nation number; r: bond length, where there are several TM-0 
bonds, we report only the range of lengths; SQ(e): the charge 
transfer from TM adatoms to the surface, a positive (nega- 
tive) value means a positively (negatively) charged state of 
TM on the surface. 
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FIG. 1: Atomic model of the Ti0 2 (110) surface with the (4 
x 2) supercell: top view (top) and side view (bottom). Pos- 
sible adatom adsorption sites on the stoichiometric surface 
are labeled and shown by small circles. The bridging oxygen 
vacancy on the reduced surface is represented by a dashed cir- 
cle. The small (large) dashed rectangle represents the region 
in the s-Ti02 (r-TiC^) surface for which the diffusion profiles 
of the TM adatoms on the surface are calculated. 




FIG. 2: (a)DOS of bulk rutile Ti0 2 ; (b) LDOS of atoms in the 
topmost 0-Ti 2 02-0 layer of s-Ti0 2 (110) surface by hybrid 
functional calculation. 
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TABLE II: Adsorption properties of TM adatoms on reduced 
Ti02 (110) surface. E^: binding energy; CN: coordination 
number; r: bond length, where there are several TM-Ti 
bonds, we report only the range of lengths; SQ(e): the charge 
transfer from TM adatoms to the surface, a positive (nega- 
tive) value means a positively (negatively) charged state of 
TM on the surface. 
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FIG. 3: (a)LDOS of atoms in the topmost 0-Ti 2 2 -0 layer 
of r-Ti02 (110) surface, (b) Enlarged view of (a) to show the 
defective state in the band gap for r-Ti02 (110) surface, (c) 
LDOS of the adjacent fivefold coordinated Ti atoms around 
the O v . Electronic populations of the defective levels (shadow 
area) are labeled. 
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FIG. 4: (a)PES for Cu diffusing on s-/r- Ti0 2 surfaces. Ac- 
tivation barriers are labeled for Cu hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent 02c, 03 C , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti2 02-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the O v after 
Ag adsorption on the r-TiCh surface. 
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FIG. 5: (a)PES for Ag diffusing on s-/r- Ti0 2 surfaces. Ac- 
tivation barriers are labeled for Ag hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent 02 C , 03 C , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti2 02-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the O v after 
Ag adsorption on the r-TiC>2 surface. 
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FIG. 6: (a)PES for Au diffusing on s-/r- Ti0 2 surfaces. Ac- 
tivation barriers are labeled for Au hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent 02c, 03 C , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti2 02-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the O v after 
Au adsorption on the r-Ti02 surface. 




FIG. 7: (a)PES for Fe diffusing on s-/r- Ti0 2 surfaces. Ac- 
tivation barriers are labeled for Fe hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent 02 C , 03 C , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti2 02-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the O v after 
Fe adsorption on the r-TiC>2 surface. 




FIG. 8: (a)PES for Co diffusing on s-/r- Ti0 2 surfaces. Ac- 
tivation barriers are labeled for Co hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent 02 C , 03 C , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti2 02-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the O v after 
Co adsorption on the r-Ti02 surface. 
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FIG. 9: (a)PES for Ni diffusing on s-/r- TiO a surfaces. Ac- 
tivation barriers are labeled for Ni hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent 02c, Os c , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti2 02-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the O v after 
Ni adsorption on the r-Ti02 surface. 
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FIG. 10: (a)PES for Pd diffusing on s-/r- Ti0 2 surfaces. Ac- 
tivation barriers are labeled for Pd hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent Cbc, 03 C , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti202-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the Ov after 
Pd adsorption on the r-Ti02 surface. 
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FIG. 11: (a)PES for Pt diffusing on s-/r- Ti0 2 surfaces. Ac- 
tivation barriers are labeled for Pt hopping between the min- 
imums along [001] and [110] directions (dashed lines). The 
spheres in red, blue, and violet color represent O2C, Os c , Ti 
atoms respectively. (b)Isosurface of the differential charge 
density, yellow (purple) color denotes diminishing (accumu- 
lation) of electrons. (c)LDOS of atoms at the topmost O- 
Ti2 02-0 layer calculated from configuration of the most sta- 
ble adsorption, (d) Enlarged view of (c). (e) LDOS of the 
adjacent fivefold coordinated Ti atoms around the O v after 
Pt adsorption on the r-Ti02 surface. 
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FIG. 12: (a) Comparison of the charged states of TM 
monomers on stoichiometric and reduced Ti02 (110) sur- 
faces; (b)Energetic diagram showing the alignment of the elec- 
tronegativity of TM adatoms with the work function (W) of 
the stoichiometric and reduced TiCh (110) s urfac e, which are 
calculated with the method provided in Ref. Il4ll 




FIG. 13: Binding energy for the adsorption of TM monomers 
on stoichiometric and reduced Ti02 (110) surfaces. 




FIG. 14: Increase of the excess electrons distributed on the 
fivefold coordinated Ti atoms around O v due to TM adsorp- 
tion. 



